BACKGROUND: Melanocortin-4 receptor (MC4R) mutations have been reported as the most common single genetic cause of obesity in some populations and it has been suggested that they may be responsible for more than 4% of early-onset obesity. OBJECTIVES: To verify the presence of mutations of the MC4R coding region in children from southern Italy with early-onset obesity. SUBJECTS AND METHODS: Two-hundred and eight unrelated obese children and adolescents were included in the study. The average age at obesity onset was 4.5 AE 2.6 y. MC4R coding region was screened using both single-strand conformation polymorphism (SSCP) analysis and denaturing high-performance liquid chromatography (DHPLC). Automatic sequencing of PCR products of all individuals that showed an aberrant SSCP and=or DHPLC pattern was performed. RESULTS: One novel missense mutation and one previously described polymorphism (Vall03Ile) were identified. The missense mutation C142T, resulting in the substitution of proline with serine at codon 48, within the first MC4R transmembrane domain, was detected at the heterozygous state in a 15-y-old obese girl (body mass index (BMI) ¼ 35 kg=m 2 ) who has been obese since she was 8 y old. The mutation co-segregated with the obesity phenotype for over three generations and was not found in the control population. CONCLUSIONS: Our data show MC4R obesity causing mutations in less than 0.5% of the patients (ie 1 out of 208 patients) and therefore indicate a low prevalence of MC4R variants in the obese population from southern Italy. The specific genetic background of the Mediterranean population could make it difficult for MC4R mutations to produce an essentially polygenic trait such as common obesity, at least during childhood.
Introduction
The control of body weight is a complex process involving interactions between genetics and environment. Obesity arises from the alteration of the delicate mechanism regulating energy expenditure and food intake. 1 Analyses made on twins as well as adopted children have shown that obesity has a considerable genetic component. 2, 3 Six monogenic forms of human obesity have been described. They include leptin, the leptin receptor, the transcription factor SIM1, proconvertase 1, pro-opiomelanocortin (POMC) and the melanocortin-4-receptor (MC4R) gene. 4, 5 The MC4R is a 322 amino acid protein encoded by a single exon localised on chromosome 18q22, highly expressed in the hypothalamic paraventricular nucleus, a region of the brain involved in appetite regulation. 6 It is a seven-transmembrane G-protein coupled (GPCR) receptor integrating an agonist signal provided by a-MSH which in turn derives from POMC cleavage. Hypothalamic POMC neurones are stimulated by leptin and represent an evident link between leptin signalling and the melanocortin system. Studies in mice and in obese humans have pointed out the importance of central melanocortinergic pathways in the control of energy homeostasis. As a matter of fact, homozygous mice for a MC4R-null allele show late-onset obesity, hyperphagia and hyperinsulinaemia, suggesting that a-MSH signalling transduced by MC4R inhibits food intake. 8 Furthermore, heterozygous MC4R þ = 7 mice show body weight and other obesity associated phenotypes that are intermediate between those seen in the homozygous mutant and wild-type mice implicating that, in mice, the MC4R gene has a dose-dependent loss of function. 8 In humans, the importance of MC4R in the regulation of body weight has been highlighted in reports on single families where heterozygous frameshift or nonsense mutations causing truncated proteins cosegregated with dominantly inherited, early-onset obesity. 9, 10 In these cases, in vitro studies have found that cells transfected with the truncated mutants failed to exhibit agonist binding or responsiveness due to their intracellular retention. 11 After these first reports, several missense mutations, some of them impairing receptor activation have also been detected. 12 -17 The aim of the present study was to investigate the prevalence of MC4R variations in obese children from southern Italy.
Materials and methods
Two-hundred and eight (97 girls) unrelated obese children and adolescents from southern Italy (mean age 10.5 AE 3.2 y; range 4 -19 y) were included in the study. The mean of their Z-score relative to body mass index (BMI) percentiles was 3.64 AE 1.9 (range 2.1 -8.3) and the average age at obesity onset was 4.5 AE 2.6 y (range 1 -11 y). Obesity onset was defined when BMI, retrospectively evaluated, exceeded the 97th percentile for sex and age according to reference values. 18 Genomic DNA was collected from nucleated white blood cells. Amplification of the MC4R coding region was performed using five primer pairs and the condition previously described. 15 Polymerase chain reaction (PCR) products were screened using the single-strand conformation polymorphism (SSCP) analysis as previously described. 19 Subsequently, MC4R amplification was repeated using the same primer pairs in a buffer containing 20 mM Tris -HEPES, 10 mM KCl, 10 mM ammonium sulfate, 2 mM MgCl 2 and the Amplitaq Gold DNA polymerase (Perkin Elmer, USA). PCR products (3 ml) were analysed by a Wave (Transgenomic, USA) denaturing high-performance liquid chromatography (DHPLC) system. 20 This technique is similar to denaturing gradient gel electrophoresis. Briefly, individuals who are heterozygous in a single nucleotide difference have a 1 : 1 ratio of wild-type and variant DNA. When the PCR fragments are heated and cooled (as in the PCR cycles), mutant DNA helices hybridise with the wild-type one to form a mixture of homo-and heteroduplexes. When injected in the DHPLC, heteroduplex PCR fragments are retained less than their homoduplex analogues and, therefore, emerge ahead of the intact homoduplexes. 21, 22 Bi-directional sequencing of PCR products of all individuals that showed an aberrant SSCP and=or DHPLC pattern was performed with an automatic sequencer (ABI PRISM 310, Perkin Elmer, USA). The MC4R amino acid and nucleotide numbering are in agreement with Gantz et al. 6 One-hundred lean children were used as controls.
Results
One novel mutation and one polymorphism were identified by direct automatic sequencing of PCR products showing an aberrant SSCP and=or DHPLC pattern.
A missense mutation C142T, CCT-> TCT, resulting in the substitution of proline with serine at codon 48, within the MC4R first transmembrane domain (TM1), was detected in a 15-y-old obese girl who was heterozygotic for the mutation (Figure 1 ). The girl was of normal birthweight and developed obesity at 8 y of age. Her BMI at age 15 was 35 kg=m 2 (weight ¼ 108 kg, height ¼ 175 cm, Z-score ¼ 3.54). Serum leptin concentration (40 ng=ml) was adequate for BMI, gender and pubertal development (leptin Z-score ¼ 7 0.6). 23 The patient (III-2) belongs to a large family of obese subjects (Figure 2 ). Her father and many paternal relations had a very similar history of early-onset obesity. Her mother, however, was not obese. To test for the inheritance of this missense mutation in the paternal proband's family, the corresponding region of the MC4R gene was sequenced. The mutation co-segregated with the obesity phenotype over three generations. Subjects I-2 and II-4 have type 2 diabetes. The mutation was not found in the control population.
A previously described polymorphism 24 A307G resulting in the substitution of Val with Ile at codon 103 within the MC4R TM2 was detected at the heterozygous state in a 10-yold obese boy and in a lean control. The variant does not cosegregate with obesity in the patient's family (data not shown). 
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Discussion
To date, five melanocotin receptor subtypes with different expression patterns in the brain and elsewhere have been cloned. 25 Identification and pharmacological characterisation of MC4R mutations is an area of intense investigation that is helping determine the significance of melanocortin receptors in human obesity. 26 -29 We screened the entire MC4R coding region in 208 obese children and adolescents from southern Italy identifying a novel missense mutation (and a known polymorphism). The heterozygous missense mutation produces the substitution of a hydrophobic proline with a serine in the first transmembrane domain (Figure 3) . A unique feature of transmembrane helices is the content of prolines which play a crucial role in their structure by introducing an approximately 26 kink.
30
A proline substitution in TM1 has been described and studied in rhodopsin, a light-absorbing GPCR protein mediating vision at low light levels. Its mutations have been reported among patients with autosomal dominant retinitis pigmentosa. 31 Immunofluorescence and immunoperoxidase assays showed an evident retention of the mutated protein in the endoplasmic reticulum (ER). It failed to exit from ER because, by interfering with the rhodopsin folding and=or stability, this substitution affects the energetics of hydrophobic a-helix packing. 31 Based on these findings it is reasonable to suppose that the proline substitution we found could produce a mutated protein which fails to exit from ER. Thus, according to the experimental data from some MC4R variants associated with obesity, 11 in our case the obese phenotype may be a result of MC4R haplo-insufficiency.
Several missense mutations in the different MC4R TM domains have been described (Figure 3) . Only one concerns the substitution of a proline (Pro78Leu, within the first intracellular loop). 13 Furthermore, the data regarding TMI mutations are limited to the substitution of the asparagine of the codon 62 with a serine, found to produce severe obesity exclusively in the homozygous state in five children from a consanguinous pedigree (Figure 3 ). 14 Recently, two different, extensive studies performed in obese patients (prevalently subjects with early onset obesity) from France and the UK reported MC4R mutations as the most common single genetic cause of human obesity, 14, 15 confirming previous data obtained in obese German children and adolescents. 13 It has been suggested that this kind of MC4R molecular screening in Italian obese children E Miraglia del Giudice et al mutation may be responsible for more than 4% of early onset obesity, at least in the investigated populations, and it has been argued that MC4R has the properties of a gene that could contribute to a thrifty phenotype. 17 Our data show obesity causing mutations in less than 0.5% of the patients (ie 1 out of 208 patients) and therefore indicate a low prevalence of MC4R variants in the Mediterranean population with early onset obesity. The double approach we used for molecular screening (ie SSCP and DHPLC) makes it unlikely that some mutations have been missed. Particularly, the DHPLC sensitivity under our experimental conditions (length of products and PCR yield) should be at least 95% 32 (V Nigro personal communication).
We have two alternative hypotheses to explain these data; first, the prevalence of MC4R mutations is lower in the Mediterranean population compared with the other ethnic groups investigated. This could suggest a different selective pressure on retention of the mutant thrifty MC4R alleles in North European and Mediterranean populations. Second, there is no substantial difference in the prevalence of MC4R mutations between these two populations, but the reduced penetrance and delayed expression (ie carriers of MC4R mutations with no history of obesity or with obesity onset in adult life) shown in some MC4R variants 15 may be particularly marked in the Mediterranean population. This could be due to the influence of variants in modifier genes that are both intrinsic and extrinsic to the melanocortin pathway and=or to genetic variations in the MC4R ligand genes. In other words, the specific genetic background of the Mediterranean population could make the emergence of MC4R mutations in producing an essentially polygenic trait such as common obesity difficult, at least during childhood. MC4R molecular screening in Italian obese children E Miraglia del Giudice et al
